Isolated adult canine ventricular myocytes were used to study the role of compartmentation of cAMP in the diverse functional responses to various drugs that elevate cAMP. Myocytes presented with the ,-agonist isoproterenol accumulated cAMP with a half maximally effective concentration (EC%) of 3.55 x 10`M. Approximately 45% of the total cAMP was recovered in the particulate fraction of digitonin-lysed myocytes under these conditions. With phosphodiesterase inhibition (10 pAM isobutylmethylxanthine), isoproterenol-stimulated cAMP production was up to 3.4-fold greater, but the proportion of total cAMP residing in the particulate fraction declined to <20%o. Similar results were obtained with forskolin, a direct activator of adenylate cyclase. Treatment with isoproterenol shortened the duration at 50%'o maximum peak height (T1,2) and increased the peak fluorescence ratio of electrically triggered single-cell free Ca21 transients in fura-2-loaded canine myocytes. Isoproterenol dose-response curves gave EC50 values of 1.7x10-9 and 4.4x1O-9 M for effects on TV2 and peak height, respectively.
(r=0.92 for each). However, when these two parameters were plotted as a function of total cAMP, the resulting curves were nonlinear and divergent for each agent tested. The results support the hypothesis that differences in responses to agents that augment cAMP can be explained in part by compartmentation of cAMP. Furthermore, Ca21 mobilization seems to be most affected by cAMP located in the particulate compartment of canine cardiac myocytes. (Circulation Research 1991; 69:1369 -1379 It is well known that many agents that elevate cellular cAMP content also alter the inotropic state of cardiac tissue. The effectiveness of these agents at enhancing contractility varies considerably, although doses may be equipotent at increasing cellular cAMP levels.1-3 There are indications that intracellular localization of mediator substrates and proteins plays an important role in the regulation of contractility in cardiac muscle. Findings of selective compartmentation of cAMP and cAMP-dependent protein kinases after agonist stimulation led to the postulation that hormones may be coupled to discrete pools of adenylate cyclase.45 Moreover, activation of cAMP-dependent protein kinases does not always result in phosphorylation of membrane and contractile proteins associated with Ca2' mobilization and binding,2,6 further suggesting that protein kinases and their substrates are sequestered. In addition, multiple forms of cyclic nucleotide phosphodiesterase exist in cardiac cells, and species variations in the inotropic potency of selective therapeutic phosphodiesterase inhibitors have been linked to differences in the content and subcellular distribution of functional subclasses of the cAMP-specific phosphodiesterase (phosphodiesterase IV, peak III eluting from diethylaminoethyl-cellulose columns). [7] [8] [9] Previous investigations provided evidence for an association between receptor-mediated increases in cAMP in the particulate fraction and accompanying inotropic responses10 or translocation of protein kinase activity from the particulate to the soluble fraction. 5 Since these studies used perfused hearts or multicellular preparations, compartmentation according to cell types (rather than subcellular local-ization) could not be excluded. However, comparison of the effects of prostaglandin El and isoproterenol in isolated cardiac cells resulted in similar conclusions,4,6 suggesting regulation via subcellular compartmentation. However, the exact role of compartmented cAMP in eliciting inotropic responses still needs to be clarified.
The present study was undertaken to examine compartmentation of cAMP in isolated adult canine ventricular myocytes after treatment with various agents that increase cAMP. Elevations in total and particulate cAMP content resulting from ,B-adrenergic stimulation, direct activation of the catalytic subunit of adenylate cyclase, and inhibition of phosphodiesterase activity were determined. Furthermore, the relation between intracellular localization of cAMP and alterations in electrically triggered singlecell free Ca2`transients of similarly treated myocytes was analyzed. The results indicate that Ca2`mobilization can be best correlated to the cAMP content of the particulate fraction of canine myocytes.
Materials and Methods Isolation and Incubation of Canine Cardiac Myocytes
Cardiac myocytes were isolated by collagenase (1-1.5 mg/ml, types I and IV, Worthington Biochemical Corp., Freehold, N.J.) perfusion of left ventricular tissue obtained from the hearts of adult mongrel dogs as described in detail previously.1' Incubations were carried out at 37°C in Krebs-Henseleit medium gassed with 95% 02-5% CO2 (pH 7.4) containing (mM) NaCl 118, KCl 4.8, KH2PO4 1.2, MgSO4 1.2, CaCl2 1, glucose 11, pyruvate 5, NaHCO3 20, and HEPES 5, as well as 1 ,uM insulin, a complete mixture of amino acids (basal medium Eagle's and minimum essential medium, GIBCO Laboratories, Grand Island, N.Y.), and 50 ,M EDTA (to prevent the oxidation of isoproterenol).
Suspensions of myocytes were 76+1% viable (n=24 preparations) as estimated by their ability to exclude trypan blue,12 and 70+1% had the elongated rod-shaped morphology typical of cardiac myocytes in situ. ATP content averaged 25.5 ±0.9 nmol * mg-1 (n=22); the complete nucleotide profile, phosphocreatine and creatine contents, and other properties of the canine preparations used in these studies have been reported elsewhere.1""13 cAMP Measurements Suspensions of canine myocytes (2mg protein -p1) were incubated at 37°C for 5 minutes with the indicated drugs. An aliquot (0.3 ml) of the cells was then rapidly sedimented through a layer of bromododecane into 20% trichloroacetic acid using a microfuge (Eppendorf Inc., Fremont, Calif.).'4 The acid layer containing the cellular metabolites was neutralized by extraction of trichloroacetic acid with water-saturated diethyl ether. cAMP was analyzed by radioimmunoassay according to published procedures.15 Protein content of the acetone-washed myocyte pellets was determined according to Lowry et al. '6 cAMP in the particulate fraction of isolated myocytes lysed with digitonin was determined as follows. Eppendorf tubes were prepared with successive layers of 100 j,l of 20% trichloroacetic acid, 0.5 ml bromododecane, and 0.5 ml of a solution containing 15 mM EDTA, 20 mM KH2PO4, 100 mM NaCI, and 0.6 mg' ml' digitonin (pH 7.5) and chilled at 4°C. After incubation with the indicated drug, 0.3-ml portions of the myocyte suspensions were injected into the uppermost layer containing digitonin and allowed to stand for 45 seconds at 4°C before rapid sedimentation of the lysed cells into the trichloroacetic acid layer. Within 30 seconds of exposure to this concentration of digitonin, 100% of the myocytes had broken cell membranes as assessed by their inability to exclude trypan blue (results not shown). Estimation of cAMP in the particulate fraction was performed as stated above. Values were expressed as picomoles cAMP per milligram total myocyte protein.
Published work from this laboratory has shown that treatment with digitonin will selectively lyse the myocyte sarcolemma, thus releasing soluble cytosolic components.12"17-19 The remaining particulate fraction contains fragmented sarcolemmal membranes, intact sarcoplasmic reticulum, myofibrils, and mitochondria along with their associated proteins, enzymes, and metabolites (for electron microscopy see References 20 and 21). By using this digitonin lysis technique, compartmentation of potassium21 and adenine and guanine nucleotides,'718 distribution of cellular enzymes,'2 and calcium uptake by the sarcoplasmic reticulum19'20 have been previously studied by this laboratory. Approximately 10% of lactate dehydrogenase remains after a single exposure of cells to digitonin,'2 but this enzyme is removed by repeated washing of the lysed myocytes. Therefore, contamination of the particulate fraction by cytosolic components is estimated to be, at most, 10% of the total. The data in Figure 4 , however, suggest that spillover of cytosolic cAMP content into the particulate fraction is -3% (when total cAMP is >1 nmol/mg, the ratio of the particulate to total cAMP content is -3%). No correction for spillover into the particulate fraction was made unless stated otherwise in the text. Fura-2 Calcium Measurement Isolated canine myocytes were incubated for 5-10 minutes at room temperature with 2 ,uM fura-2 AM (Molecular Probes Inc., Eugene, Ore.) in HEPESbuffered Krebs-Henseleit containing the components stated above for the incubation buffer, except that 20 mM HEPES was substituted for the sodium bicarbonate and EDTA was omitted. The suspending medium was replaced with HEPES-buffered Krebs-Henseleit without fura-2 AM, and cells were postincubated for at least 2 hours at room temperature to facilitate hydrolysis of the incorporated fura-2 ester. Fura-2-loaded myocytes were then placed in a perfusion chamber mounted on the stage of an inverted IM microscope (Carl Zeiss, Inc., Thornwood, N.Y.) and perfused continuously with bicarbonate-buffered Krebs-Henseleit (gassed with 95% 02-5% C02, pH 7.3) containing (mM) NaCl 121, KCI 4.85, MgSO4 1.21, KH2PO4 1.21, NaHCO3 26, pyruvate 5, CaCl2 2, EDTA 0.05, and any experimental chemicals. Fura-2 was alternately excited at 350 and 380 nm, and fluorescent emission between 420 and 620 nm from a single cell was recorded by a PTI Deltascan system. A complete description of the apparatus and fura-2 fluorescent technique has been published elsewhere.22'23 Myocytes were stimulated by passing currents via two platinum electrodes positioned in parallel at opposite sides of the perfusion chamber. For each experimental condition, a single cell was selected and stimulated continuously at 0.5 Hz, and 16-20 triggered fluorescence transients were recorded. For off-line data analysis, eight to 16 transients recorded at steady state were averaged using the resident program provided by PTI Deltascan. Calcium transients depicted in the text are presented as the ratio of the fluorescence at excitation wavelengths of 350 and 380 nm. Peak height is defined as the difference of the ratios recorded at baseline and peak fluorescence (A Ratio). Values reported in the text were normalized relative to the control (no experimental drugs):
A Ratio (experimental)
Normalized peak height= A Ratio (contrl)
A Ratio (control) T112 is the time width (msec) of the calcium transient at half-maximal peak fluorescence.
Because of currently unresolved issues having to do with compartmentation of fura-2,23-25 background fluorescence, and computation of Kd,26 no attempt was made to calibrate the fura-2 signals. However, as estimated by a method previously described,27 free [Ca2+]i in quiescent (unstimulated) myocytes was -100 nM and peak [Ca21]i during electrical stimulation in control canine cells was 200-300 nM. Resting free [Ca2+]i was not changed by treatment of cardiomyocytes with isoproterenol, forskolin, or isobutylmethylxanthine (IBMX), but peak [Ca2+]i during electrical stimulation of these cells approaches 500-800 nM. Because of mitochondrial sequestering of fura-2 dye (accounting for -20% of total cellular fura-2 dye23'24), peak [Ca21]i is probably underestimated twofold to fivefold, depending on the magnitude of the peak height.24'25 In quiescent myocytes, mitochondrial matrix free calcium (-50-70 nM) is slightly lower than cytosolic levels; therefore, the measured intracellular free calcium closely approximates cytosolic levels. During a contraction-relaxation cycle, however, matrix free calcium does not follow the changes occurring in the cytosol but remains relatively constant. Since the measured fura-2 fluorescent transients are contaminated by the presence of calcium-sensitive fluorescence from mitochondria, the calibrated values for peak calcium are lower than the actual cytosolic calcium concentrations attained during electrical stimulation. In addition to compartmentation issues and background fluorescence that hinder calibration of the observed signal, Hove-Madsen and Bers26 have recently demonstrated that binding of fluorescent dyes to cellular proteins alters their calcium-binding properties. Consequently, the Kd value commonly used is too low, leading to underestimation of cytosolic free [Ca2]1i.
With the techniques currently available, it is apparent that calibrated values for cytosolic [Ca21]i are only "ballpark" numbers, but changes in the fluorescence ratio do accurately reflect fluctuations in cytosolic calcium concentration occurring during a contraction-relaxation cycle.
Statistical and Data Analyses
Values for cAMP content are expressed as mean+SEM for the indicated number (n) of different myocyte preparations. Single-cell measurements are mean+SEM of data obtained from n myocytes after signal averaging eight to 16 consecutive steadystate fura-2 free Ca2`transients from each cell. Curve fitting was performed using nonlinear regression analysis with the GRAPHPAD program (Motulsky). Statistical significance was evaluated using Student's t test. Where multiple groups were being compared, a one-way analysis of variance followed by Scheffe's tests (STATPAK, Merrill, Columbus, Ohio) was performed. The null hypothesis was rejected atp<0.05.
Results cAMP Production in Response to
13-Agonist Stimulation
Basal cAMP content of quiescent adult canine ventricular myocytes was 7.35+0.38 pmol * mg protein-' (n=22 myocyte preparations). Approximately 47% (3.43+±0.25 pmol. mg protein-') of the total cellular cAMP was recovered in the particulate fraction of digitonin-lysed cardiac cells. Myocytes presented with the /3-adrenergic agonist isoproterenol (1 ,uM) rapidly increased total cAMP content threefold. Maximal values were reached within 1 minute, and cAMP content remained at elevated levels for at least 10 minutes ( Figure 1 ). In subsequent incubations, cAMP content was determined after a 5-minute challenge with the indicated experimental agent. The effects of isoproterenol were fully antagonized by 10 ,M propranolol (data not shown).
The isoproterenol dose-response curve for cAMP production in canine myocytes is given in Figure 2 . The sigmoid curve generated using nonlinear regression analysis yielded a half maximally effective isoproterenol concentration (EC50) of 3.55 x 10-8 M (-log EC50=7.45+0.078, n=11). The portion of the total cAMP content sedimenting with the particulate fraction in isoproterenol-stimulated myocytes ranged between 40% and 47% of the total cellular cAMP. The EC50 of the isoproterenol dose-response curve for the particulate fraction was 2. EC50=7.63 0.15, n=8). Significant increases in p-agonist-induced cAMP formation were obtained at the lowest isoproterenol concentration tested (5x10-10 M, p=0.003 for total and p=0.007 for particulate cAMP, by paired t test), and maximal cAMP accumulation after 5 minutes of treatment at 37°C was achieved with 1 ,uM isoproterenol for both whole cells and the particulate compartment. Isoproterenol (ISO) dose -response curve for cAMP production in canine cardiac cells. Myocytes were exposed to varying concentrations of ISO for 5 minutes at 37 'C before subsequent analysis for total orparticulate cAMP content, as described in 'Materials and Methods." Values (pmolmg cell protein-1) are mean +SEM for seven to 11 myocyte preparations. In figures containing concentration curves, 0 on the abscissa refers to control incubations (no agonist added).
Effects of Phosphodiesterase Inhibition
phosphodiesterase inhibitor IBMX. Cellular and particulate cAMP content determined after a 5-minute incubation with varying concentrations of IBMX is shown in Figure 3 . Elevations in both total and particulate cAMP were first significant at 1 ,M IBMX (p=0.007 and p=0.045, respectively, by paired t test). As the amount of IBMX presented to myocytes was increased, the percentage of the total cAMP recovered in the particulate fraction decreased, suggesting that cAMP-specific phosphodiesterase activity resides predominantly in the cytosolic compartment. Alternatively, the capacity of the particulate fraction for binding or storing cAMP is limited compared with the soluble compartment in myocytes incubated with IBMX. This point is more clearly illustrated in myocyte suspensions pretreated with a submaximally effective concentration of IBMX (10 liM) before being stimuated with increasing doses of isoproterenol. Isoproterenol dose-response curves carried out in the presence of 10 I£M IBMX are also illustrated in Figure 3 .
Comparison of the total and particulate cAMP content of myocytes treated accordingly indicates that the component of cellular cAMP sedimenting after lysis of sarcolemmal membranes with digitonin decreased to <20% of the total cellular cAMP content at isoproterenol concentrations .100 nM. Interestingly, the isoproterenol EC50 for total cAMP production in the presence of IBMX (2.19x10`8 M, -log EC50=7.66±0.095, n = 11) was not significantly different from that estimated in the absence of the phosphodiesterase inhibitor (3.55 x 10`M). However, the EC50 was significantly shifted leftward to 4.37x 10-9 M (-log EC50=8.36+0.16, n=6) in the dose-response curve generated for cAMP contained in the particulate fraction (p<0.01 for total versus particulate EC50 values). The apparent greater sensitivity in the presence of IBMX may be attributable to a small antagonizing effect of the methylxanthine on adenosine receptor-mediated inhibition of adenylate cyclase activity,28 which may be more pronounced in the membrane fraction.
Stimulation of cAMP Production With Forskolin
An additional mechanism for increasing intracellular cAMP is by direct activation of the catalytic subunit of adenylate cyclase with the diterpene forskolin. In contrast to f8-agonists, which produced maximal effects on cAMP accumulation within 1 minute, the response of myocytes to forskolin treatment was slower. cAMP production by cells presented with 1 ,M forskolin proceeded at a linear rate for 2 minutes before peaking, and cAMP remained at the elevated levels for at least 10 minutes (data not shown). Figure 3 shows the effect of a 5-minute incubation at 37°C with 0.01-5 LM forskolin on total and particulate cAMP content. Accumulation of cAMP was significant at concentrations of forskolin .0.01 ,M for the particulate fraction and .0.1 ZM for whole-cell cAMP content (by paired t test, p<0.05). Stimulation of adenylate cyclase activity in canine myocytes with concentrations of forskolin > 10 ,uM resulted in > 1,000-fold increases in cAMP accumulation (even in the absence of a phosphodiesterase inhibitor, Figure 4 ). cAMP that was recovered in the particulate fraction was correspondingly elevated (Figure 4 ), but values obtained at the higher concentrations of forskolin are probably substantially inflated because of contamination from the cytosolic compartment. Under these conditions, the exceedingly high concentrations of cAMP were associated with a roughly equivalent depletion of ATP; cellular ATP content declined by >50% from 24.35 +1.14 nmol * mg protein`in the absence of forskolin to 10.46±0.86 nmol* mg-1 (n=4) with 100 ,gM forskolin.
Single-Cell Calcium Transients in Response to Increased cAMP
Repetitive electrical stimulation of quiescent fura-2-containing adult canine ventricular myocytes produced a train of free Ca2`transients displaying the positive staircase that is characteristic for this species. Within five beats, a steady state was reached and maintained for at least 30 consecutive electrical impulses (tracings not shown).
A typical train of calcium transients recorded at steady state from a single fura-2-loaded myocyte stimulated at 0.5 Hz is shown in Figure 5 . The duration of the calcium transient at 50% peak fluorescence ratio in control cells averaged 676±18 msec (n=105 cells). In the presence of 10 nM isoprotere- nol, the amplitude of the peak fluorescence ratio (the ratio of the fluorescence recorded at excitation wavelengths 350 and 380 nm) increased, and T1/2 of the calcium transient was markedly abbreviated ( Figure 5 ). Figure 6 depicts the progressive effects of increasing concentrations of isoproterenol on the magnitude and duration of electrically driven free Ca2+ transients. In this and subsequent figures, eight to 16 consecutive Ca2+ transients obtained at steady state from a single myocyte stimulated at 0.5 Hz were averaged, and the mean from n different cells is given. Nonlinear In the presence of forskolin, the magnitude of the peak fluorescence ratio was also increased, and the Tl2 of the Ca21 transient was abbreviated ( Figure 6 ). The dose dependency of forskolin-induced changes are summarized in Figure 7 . The EC50 for effects on peak fluorescence was estimated at 1.3 x 10-7 M and that for T1, was 3.9±10-8 M forskolin. At high concentrations of isoproterenol (100 nM) or forskolin (.1 ,uM) , 40-50% of the myocytes exhibited a spontaneous Ca2+ transient that immediately followed the electrically triggered Ca21 transient (see Figure 6 for an example).
These spontaneous "after" transients were not present unless cells were electrically stimulated. In these cases, the data summarized in the figures and text include only analyses obtained from the initial electrically triggered free Ca21 transient. When challenged with the phosphodiesterase inhibitor IBMX, similar changes were evoked in the configuration of the fura-2 Ca21 transients, as would be expected in the presence of elevated intracellular cAMP content (tracings not shown). The effects of varying concentrations of IBMX on the amplitude and T1/2 of the Ca21 transients are given in Figure 7 .
Relation Between Compartments of cAMP and Free

Ca2' Transients
Since cAMP is one of the purported mediators of cytosolic free Ca21 concentration, changes in the amplitude and T112 of the fura-2 free Ca2+ transients were plotted as a function of cellular cAMP content under the various incubation conditions. From Figure 8 it can be seen that the extent of cAMP-induced effects on free Ca2' dynamics varies considerably, depending on the mechanism used to elevate intracellular cAMP. A consistent relation between total cellular cAMP content and cytosolic Ca2+ fluxes is not readily apparent. However, when the recorded peak height and T1/2 of the fura-2 transients are plotted against the corresponding values for cAMP content in the particulate fraction of canine myocytes, a linear relation between the metabolite and cation responses emerges (Figure 9 ). The cAMP values in these figures have been corrected for contamination from cytosolic cAMP assuming a 3% spillover. The correlation coefficients for the linearity of the response were 0.92 for both T112 and peak height versus particulate cAMP content.
Discussion
These studies demonstrate that in canine ventricular myocytes, adenylate cyclase is capable of pro-ducing substantially more intracellular cAMP than is required to elicit maximal changes in electrically triggered single-cell free Ca2' transients. Comparison of the data in Figures 2 and 3 with Figure 7 reveals that maximal changes in T1,2 and peak height are obtained at concentrations of isoproterenol and forskolin that are still submaximal with respect to increases in particulate cAMP content. Consequently, EC50 values determined for cAMP production are up to an order of magnitude greater than the corresponding values for Ca21 transient parameters. However, for any given preparation of myocytes, paired t tests indicate that the lowest dose of drug at which particulate cAMP content is significantly increased (puol 'mg-1) FIGURE 9 . Graphs showing correlation between changes in single-cellfree Ca2' transients andparticulate cAMP content ofcanine myocytes in response to agents that increase cAMP levels. o, Isoproterenol; 0, isoproterenol plus isobutylmethylxanthine; *, forskolin; A, isobutylmethylxanthine. Agonist induced increases in the time width at 50% peak fluorescence rate (T112) (left panel) orpeak fluorescence ratio (right panel) are shown as a function ofparticulate cAMP content ofcanine ventricular myocytes treated with identical doses of the drugs. cAMP data has been corrected for contamination from the cytosolic compartment assuming 3% spillover (see "Materials and Methods" for further details).
above basal levels compares well with the concentration necessary to significantly alter T1/2 and peak fluorescence. Because the capacity of the adenylate cyclase system appears to be greater than that needed to induce maximal changes in electrically triggered calcium transients (and, by extension, contractile activity), no attempt was made to relate EC50 values obtained from cAMP curves with those from calcium transient data. Furthermore, when correlations between single-cell fluorescent data and cAMP content of myocyte suspensions were made (Figures 8 and 9 ), cAMP values that exceeded the amount necessary to invoke maximal responses in calcium transients were omitted (i.e., when particulate cAMP content was >10.5 pmol/mg).
Subcellular Distribution of Protein Kinase
Elevating intracellular cAMP initiates a sequence of events beginning with activation of cAMP-dependent protein kinases, followed by phosphorylation of membrane and contractile proteins, mobilization of cellular Ca2+, and, consequently, alterations in cardiac inotropy. At least two distinct isozymes of cAMP-dependent protein kinase have been characterized, and although there is a broad species variation in their distribution in the soluble fraction of heart homogenates, the low-speed particulate fraction of ventricular tissue contains predominantly the type II isozyme.29,30 Differences in subcellular distribution and in the physical and kinetic properties of the cAMP-dependent protein kinase isozymes would provide a means for regulating cAMP-mediated physiological responses. The dependence of free Ca2`transients on particulate cAMP levels illustrated in canine myocytes in this study leads to speculation that the type II isoenzyme is the dominant functional form involved with cardiac contractility. Recent studies linking positive inotropy and rates of relaxation to particulate cAMP content'0 and activation of particulate protein kinase activity4,5 support this hypothesis.
Membrane-bound regulatory subunits of cAMPdependent protein kinase are probably the major sites for cAMP binding in the particulate fraction of canine myocytes. Accordingly, saturation of particulate binding sites may partially account for the disproportionate contribution of cytosolic cAMP to the total content in canine cardiac cells at high total intracellular cAMP levels (>30 pmol 'mg protein-'). In contrast to the cytosolic fraction, the size of the particulate compartment for binding or storing cAMP appears to be limited. kinase-mediated phosphorylation.33132 The dependence of the free Ca2+ transients on particulate cAMP content in canine myocytes suggests a subcellular organization in which substrates and their target proteins are in close proximity. An increase in the magnitude of the peak fluorescence ratio of the electrically triggered free Ca21 transient is the result of increased Ca21 influx through voltage-gated channels and enhanced sarcoplasmic reticulum Ca2' release. 33 The rate of fall of the fura-2 Ca21 transient is presumably dominated by Ca2+-ATPase-dependent uptake of cytosolic free Ca21 into the sarcoplasmic reticulum and to a lesser extent by extrusion of Ca2+ from the cell via Na+-Ca2+ exchange.
It is well documented that L-type calcium current is enhanced in cardiac cells as a result of catecholamine stimulation, forskolin treatment, or internal dialysis of cAMP or the catalytic subunit of cAMP-dependent protein kinase.3l34 Increased transsarcolemmal calcium influx provides additional calcium for accumulation by the sarcoplasmic reticulum; correspondingly, more calcium would be available for subsequent release, thus accounting for the greater magnitude of the calcium transient in the presence of elevated cAMP. Phosphorylation of phospholamban by cAMP-dependent protein kinase is associated with augmented sarcoplasmic reticulum Ca2+-ATPase activity and sarcoplasmic reticulum calcium transport. 32 The more rapid return to baseline of free calcium transients in canine myocytes after isoproterenol, forskolin, or IBMX treatment is most likely the result of cAMP-mediated protein phosphorylation. Phosphodiesterase Isozyme Localization Canine ventricular muscle contains both particulate and soluble forms of the low Km cGMP-inhibited cAMP-specific phosphodiesterase (phosphodiesterase IV, peak III), yet only the membrane-bound isoform is sensitive to cardiotonic agents such as imazodan.7-9 Across species, the potency of therapeutic agents that inhibit phosphodiesterase IV is closely associated with the localization of the phosphodiesterase isozyme in the particulate fraction of ventricular tissue.9 Elevations in particulate cAMP as a result of nonspecific phosphodiesterase inhibition in dog cardiac myocytes corresponded to the enhancement of electrically triggered free calcium transients, whereas the correlation with total cAMP content was poor (Figures 8 and 9 ). Our results are in agreement with other reports indicating that the predominant effective cardiotonic site of action of phosphodiesterase inhibitors in canine heart is at the membrane level. Furthermore, the drug-sensitive site seems to be located in the sarcoplasmic reticulum.35
Species Variation in Adenylate Cyclase Activity cAMiP production by canine ventricular myocytes in response to concentrations of forskolin >5 ,M was extremely high (>15 nmolmg-1 5 min', Figure 4 ), resulting in a substantial loss of cellular ATP. By 0.05 nmol . mg-' cAMP.14 Moreover, there appears to be considerable variability between dogs and rodents with respect to ,B-adrenergic-mediated cAMP synthesis as well. Not only are adult canine myocytes more sensitive to isoproterenol stimulation than adult rat ventricular cells (isoproterenol ECso=3.55 x 10 M in dog cardiocytes compared with 2.14±+10-M in rat cardiac cells14), but maximal isoproterenol-stimulated cAMP accumulation was also approximately twofold higher (compare Figure 2 with Figure 3 of Reference 14). Differences in adenylate cyclase regulation cannot be attributed to more rapid hydrolysis of cAMP in rat cardiac cells, since dog myocytes incubated with forskolin plus IBMX (100 ,M each) accumulated 22.1±+1.6 nmol cAMP/mg cell protein (C.M. Hohl, unpublished data), whereas rat cells contained only 0.41±0.06 nmol cAMP/mg protein.14 Similarly, cAMP content after isoproterenol (100 ,M) treatment in the presence of IBMX was fourfold greater in canine cells (567±121 pmol. mg-1 [C.M. Hohl, unpublished data] versus 144±20 pmol .mg-1 in rat heart myocytesl4). The broad range of responses to ischemia, pressure overload, or other insults to the myocardium that are often accompanied by excess catecholamine release may in part reflect molecular heterogeneity of adenylate cyclase regulation among species.
Abnormal Free Ca2' Transients
In the course of these studies, we noted that at high concentrations of isoproterenol (.100 nM) or forskolin (.1 ,uM), a spontaneous Ca2' transient immediately followed the electrically triggered free Ca2' transient in~40-50% of the cells. Unloaded cell shortening assessed by linear photodiode array measurements coincided with the free Ca2' spikes (data not shown), indicating that contractile activity was still coupled to Ca2' fluxes. In the absence of electrical stimulation, spontaneous Ca2' transients (and contractions) were not observed. The cause of this spontaneous activity was not further investigated but may be attributed to oscillatory Ca2' release from overloaded sarcoplasmic reticulum31,36 that is due to compromised intracellular calcium homeostasis in the presence of sustained excess cAMP. In agreement with this proposed mechanism, halothane reversed the isoproterenol-induced spontaneous "after" Ca' transient in the presence of low (2 mM) extracellular calcium but was not effective at higher calcium concentrations (5 mM).13
Summary
The results establish that cytosolic and particulate pools of cAMP are differentially affected by various treatments designed to raise intracellular cAMP. By using three distinct mechanisms to increase cAMP, a positive correlation between particulate cAMP content and alterations in electrically stimulated single cell free Ca2' transients was established. Since changes in free Ca2' transients paralleled the degree of unloaded cell shortening25 (Q. Li, unpublished observations), our findings suggest a close association contrast, simflarly treated adult rat myocytes contained between particulate cAMP content and the cardiac inotropic state. This study complements reports from several other laboratories demonstrating relations among particulate cAMP, activation of particulate cAMP-dependent protein kinase, phosphorylation of membrane and contractile proteins, and ensuing inotropic responses. 
